ABSTRACT Ascites is a multi-faceted disease commonly observed in fast growing broilers, which is initiated when the body is insufficiently oxygenated. A series of events follow, including an increase in pulmonary artery pressure, right ventricle hypertrophy, and accumulation of fluid in the abdominal cavity and pericardium. Advances in management practices along with improved selection programs have decreased ascites incidence in modern broilers. However, ascites syndrome remains an economically important disease throughout the world, causing estimated losses of $100 million per year. In this study, a 60 K Illumina SNP BeadChip was used to perform a series of genome wide association studies (GWAS) on the 16th and 18th generation of our relaxed (REL) line descended from a commercial elite broiler line beginning in 1995. Regions significantly associated with ascites incidence were identified on chromosome 2 around 70 megabase pairs (Mbp) and on chromosome Z around 60 Mbp. Five candidate single nucleotide polymorphisms (SNP) were evaluated as indicators for these 2 regions in order to identify association with ascites and right ventricle to total ventricle weight (RVTV) ratios. Chromosome 2 SNP showed an association with RVTV ratios in males phenotyped as ascites resistant and ascites susceptible (P = 0.02 and P = 0.03, respectively). The chromosome Z region also indicates an association with resistant female RVTV values (P = 0.02). Regions of significance identified on chromosomes 2 and Z described in this study will be used as proposed candidate regions for further investigation into the genetics of ascites. This information will lead to a better understanding of the underlying genetics and gene networks contributing to ascites, and thus advances in ascites reduction through commercial breeding schemes.
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INTRODUCTION
Ascites, or pulmonary hypertension syndrome, encompasses a cascade of adverse effects that begins with the impaired ability to adequately oxygenate tissues throughout the body of a fast growing broiler and ultimately leads to death (Wideman, 1999; Balog et al., 2000; Decuypere et al., 2005; Wideman et al., 2013) . The development of ascites is credited to both the genetics of the broiler and external environmental factors (Owen et al., 1990; Lubritz et al., 1995; Wideman and French, 2000; Balog et al., 2003) . The response of the body to the increase in oxygen demand is increased blood flow, which leads to overloading of the heart and lungs (Julian et al., 1986) . Chickens in chronic hypoxic environments will experience cardiac hypertro- (Burton and Smith, 1967) . Calculation of the subsequent right ventricle to total ventricle (RVTV) weight ratio indicates an increase in this value associated with cardiac hypertrophy. Amplified pressure in the cardiovascular system will advance to eventual right ventricle hypertrophy and concludes with right ventricle failure (Huchzermeyer and Deruyck, 1986) . Subsequent failure of the liver due to inadequate portal blood flow leads to plasma transudation into the body cavity (Wideman et al., 2013) . Death of the bird follows soon after. Selection schemes and management techniques have been implemented to reduce the overall incidence of ascites; however, it remains an economically important disease causing an estimated economic loss of $100 million per year as recently as 2015 (M. Cooper and S. Gustin personal communication, CobbVantress, Inc.) .
Inducing ascites in an experimental setting can be achieved by altering the environment's temperature (Wideman et al., 1998; Sato et al., 2002) , air quality (Chineme et al., 1995) , and altitude (Balog et al., 2000) .
The first documentation of ascites occurred in La Paz, Bolivia, where birds were being raised at an altitude of 3,300 m above sea level (Hall and Machicao, 1968 ). An inverse correlation exists between elevation and the partial pressure of O 2 . Increasing elevation leads to hypoxia, or the reduction of O 2 inspired and transferred to the tissues. In broiler chickens the depletion of oxygen in this manner leads to ascites syndrome (Ruiz-Feria and Wideman, 2001) . At the University of Arkansas we have used a hypobaric chamber to simulate a high altitude environment as a non-invasive technique to reliably induce ascites (Owen et al., 1990; Balog et al., 2000) . Wideman et al. (2013) proposed that the moderate to high heritabilites of ascites reported from multiple studies (Lubritz et al., 1995; Wideman and French, 2000; de Greef, et al., 2001; Moghadam et al., 2001; Druyan et al., 2007) are likely due to multiple genes. Recently, a genome wide association study (GWAS) using a 3.4 K SNPChip (Muira, et al., 2008) was conducted to scan the genome for candidate single nucleotide polymorphisms (SNP) associated with ascites in a reciprocal cross between divergently selected ascites resistant and ascites susceptible lines developed at the University of Arkansas (Krishnamoorthy et al., 2014) . Identification of potential genes relevant to sex biased ascites incidence were identified on chromosome 9. With advances in high throughput SNP genotyping assays, followed by the development of a moderate density 60 K Illumina SNP BeadChip (Groenen et al., 2011) , GWAS can be used to more comprehensibly evaluate the broiler genome for ascites associated regions. Here, we report 2 GWAS for ascites phenotype conducted on 2 different generations of a pedigreed research line derived from a commercial elite broiler line and maintained at the University of Arkansas. Single regions were identified on 2 chromosomes that were significantly associated with phenotype for both generations. SNP for these regions were then used for additional genotyping.
METHODS

Genome Data
All chromosomal positions are relative to the November 2011 ICGSC Gallus-gallus-4.0/galGal4 (GCA 000002315.2) assembly.
Bird Stocks and Hypobaric Chamber Trials
All animal procedures were approved by the University of Arkansas Institutional Animal Care and Use Committee under protocol 12039. Within the hypobaric chamber are 4 batteries that house 40 identical cages measuring 0.6 × 0.6 × 0.3 m. Each cage has access to nipple waterers and trough feeders. The chamber is designed to control simulated altitude, ventilation, and temperature. For the duration of the trial the elevation was set to simulate approximately 2,900 m above sea level, or 533 mm of Hg. Daily, the elevation was observed with any adjustments being made to maintain the set altitude. Chamber airflow was set at 17 m 3 /min and air filters were changed daily. The chamber was warmed to 92
• C prior to introducing the chicks and the temperature was decreased weekly. The birds used for this study are from 2 different years spanning 3 generations. The chicks hatched were the offspring of the 15th and 17th generation of the pedigreed elite broiler line that has remained under relaxed (REL) selection since 1995 (Pavlidis et al., 2007) . The parents were aritifically inseminated using pooled semen and the eggs were pedigreed according to the hen. We will refer to these 2 hatches as the 16th and 18th generation of the REL line. Chicks were hatched at the University of Arkansas hatchery, wing banded, and immediately transferred randomly to cages in the hypobaric chamber. For the next 6 wk mortality was recorded and necropsies were completed to record: probable cause of death, overt visual signs of ascites symptoms, total body weight, heart shape, right and total ventricle weight, and gender. At the end of the 6-week trial all remaining birds were euthanized by cervical dislocation and scored as above. Final decision of ascites phenotype was based on the presence or absence of water belly, which represents the final stage of ascites progression prior to death. Additional evaluation of heart morphology was measured as the proportion of the right ventricle weight in grams to the total weight of both ventricles in grams.
DNA Isolation
At 4 d of age, 10 μl of blood was extracted from birds via a lancet puncture between the toes. A rapid DNA isolation method was used to isolate the DNA (Bailes, et al., 2007) . For GWAS submission crude genomic DNA was purified further using Mackery-Nagel Plasmid prep plates for gDNA cleanup kit and quantified using a DyNA Quant from Hoefer and Hoechst 33258 fluorescent stain (Thermo Fisher Scientific, Waltham, MA).
Genome Wide Association Study
A female gender bias was observed in data from a previously published GWAS on chromosome 9 (Krishnamoorthy et al., 2014) . For this reason, we decided to focus on elucidating possible male bias in the current study. A total of 2 GWAS was completed on 15 resistant and 22 susceptible males from the 16th generation, and 39 resistant and 22 susceptible males from generation 18 REL line birds that were phenotyped as described above in a 6-week hypobaric chamber challenge. Variation in sample size was due to bird availability, although preference was made for birds phenotyped as ascites susceptible early in the trial. The GWAS was conducted by DNA Landmarks (Quebec, Canada) using an Illumina 60 K SNPChip on REL line males.
SNP allele frequencies were calculated independently for resistant and susceptible individuals using Microsoft Excel (Microsoft Corp., Redmond, WA). Loci with a minor allele frequency of less than 0.05 were excluded. Allele frequencies were used to calculate expected genotype counts. Deviations from Hardy-Weinberg were computed for each locus based on observed vs. expected genotype counts. Loci with a P-value less than 0.05 were excluded. Genotypic frequencies were calculated for resistant and susceptible subpopulations following Krishnamoorthy et al. (2014) . Actual frequencies were then used to calculate expected frequencies. A chi-square test was performed comparing the actual and expected frequencies for genotypes independently for resistant and susceptible phenotype groups. The P-values obtained from this chi-square test were log transformed plotted as 1-Log 10 (P) for visualization. For each locus an average 1-Log 10 (P) was calculated for a sliding window of 10 flanking SNP, which covers approximately 375,000 bp. The purpose of the window is to account for linkage disequilibrium in closely positioned SNP, while the use of 10 SNPs is directly related to an increase in power of ascites association detection for a small sample size as seen in this study (Gao et al., 2012) . We then completed further investigation into regions that surpassed a threshold of 1-Log 10 (P) > 2.5 in both generations due to a lack of largely significant peaks normally seen in GWAS completed on other livestock species.
Real-time PCR
Specific SNP were used to develop exonuclease (Taqman R probe, Thermo Fisher Scientific, Waltham, MA) assays for quantitative real-time PCR genotyping. PCR primers and probes, along with optimized annealing temperatures are presented in Table 1 . Genotyping was competed using a CFX96 Touch Real-Time PCR Detection System (Bio-Rad Laboratories, Inc., Richmond, CA). Reaction volume totaled 20 μL including 1× Taq-Buffer (50 mM Tris-Cl pH 8.3, one mM MgCl 2 , 30 μg/mL of BSA), 0.2 mM MgCl 2 , 0.2 mM dNTP, 0.2 μM each forward and reverse primers, 0.05 μM each probe, 2.5 units of Taq polymerase, and 2 μL of DNA. A 2-step PCR procedure was used as follows: 90
• C for 30 s, 10 cycles of 90
• C for 15 s, and SNP-specific annealing temperature for 30 s, followed by 90
• C for 15 s, SNP-specific annealing temperature for 30 s, and a plate read for a total of 30 cycles. Verification of each primer set was completed on controls prior to genotyping birds used in this study.
Statistical Methods
Individuals genotyped for all SNP include 145 resistant and 123 susceptible males, and 98 resistant and 115 susceptible females. Birds were evaluated by ascites phenotype and RVTV ratio. Genotype frequency was calculated for ascites resistant and susceptible individuals by gender. A chi-square test was performed on expected vs. observed counts, with a P-value of <0.05 indicating significance. The right ventricle to total ventricle ratio was calculated based on associated weights recorded during necropsy. For each SNP locus a Student's t-test was used to compare RVTV ratios for each corresponding genotype, in which resistant and susceptible individuals were compared independently. Male and female ratios were calculated independently of each other, and RVTV ratios were considered significant with a P-value of <0.05.
RESULTS
After application of quality control filtering the 60 K Illumina SNP BeadChip analysis resulted in a total of 37,109 informative SNP. Using 1-Log 10 P threshold of greater than 2.5, informative regions on chromosomes 2 and Z were identified as candidates for investigation into the genetic causes of ascites in broilers (P ≤ 0.0316). Out of a total of 4,779 SNPs on chromosome 2, 4,215 SNPs were polymorphic in the REL line (Figure 1) . A region around 70 megabase pairs (Mbp) appears to show significant association in ascites resistant individuals in both generations by meeting the threshold chosen of 2.5. Interestingly, the GWAS of susceptible individuals did not indicate any such significance. Similarly, 1,178 of 1,385 SNP were informative on the Z chromosome, for which a region of significance was observed around 60 Mbp and detectable in both generations in susceptible individuals, but does not surpass the threshold in ascites resistant individuals (Figure 2 ).
Significant SNP regions were first identified by visualization of regions associated with ascites phenotype using the 1-Log 10 (P) values completed after application of a sliding SNP window. Two to 3 SNP per significant region were identified to be used as candidate SNP for these regions for further evaluation into association with ascites incidence. Two SNP were selected from chromosome 2 and 3 SNP were selected from chromosome Z as indicators for regions associated with ascites resistance and susceptibility, respectively. SNP were selected that passed quality control, had an individual 1-Log 10 (P) at the threshold of 2.5, and whose genotypes were segregating in both generations. SNP were used for further genotype assays on a larger collection of DNA that had been isolated from hypobaric chamber trials completed with the offspring from the 18th generation of the REL line (Table 2 ). For both SNP on chromosome 2 in male individuals there were no significant differences detected between the frequencies of the resistant and susceptible individuals. In the susceptible males on SNP 2.708 the TT (0.44) and CC (0.44) genotypes both have RVTV averages higher than the heterozygous susceptible individuals (0.41; P = 0.03). The greater RVTV values in susceptible males equate to a higher ascites incidence seen in both the TT genotyped males and in the lower frequency CC genotyped susceptible males. The average RVTV for SNP 2.713 for resistant males varied significantly among genotypes (P = 0.02). Homozygous AA genotyped birds sustain a significantly lower RVTV ratio (0.28) when compared to AG (0.30) individuals. The largest RVTV value in the GG genotype was not detected as being significantly different from AA or AG genotypes, likely because of the small frequency in the population. Differences detected in the RVTV of resistant birds evaluated on the 2.713 SNP indicate ascites percent was negligible, except for the GG genotype (AA-44% vs. AG-45%, GG-30%). While the lowest ascites percentage is evaluated on the GG SNP, the frequency of this SNP is low, and may not be adequately represented in the population to draw definitive conclusions as to the RVTV and ascites incidence relationship.
Right ventricle to total ventricle ratios did vary significantly among genotypes on 2.708 in susceptible females (Table 3) . Interestingly, the heterozygous genotype associated with the lowest RVTV in males has the highest RVTV values in females, which indicates the source of ascites genetics may vary based on sex. On SNP 2.718 the difference in resistant and susceptible genotypic frequency calculation approaches significance in females for the AA (P = 0.07) and AG (P = 0.09) genotypes. Further, the genotype with the highest ascites incidence, AA, is higher in frequency in susceptible females (0.38 resistant vs. 0.55 susceptible), while the lowest ascites incidence genotype, AG, is present at a higher frequency in resistant females (0.59 resistant vs. 0.42 susceptible).
For all 3 chromosome Z SNP, females (the heterogametic sex) have only 2 possible genotypes, vs. the 3 possible genotypes found in males. All Z chromosome SNP in males appear to be statistically similar in RVTV ratio averages across all genotypes. Yet, the TT genotype from the Z.600 SNP approaches a significantly higher RVTV value in resistant males compared to TC and TT genotypes (P = 0.06). This scenario is also seen in the TT genotype in susceptible males at Z.611 (P = 0.09). In both cases, the larger RVTV values are associated with higher percentages of ascites incidence within each SNP. In the case of SNP Z.600 resistant females, the CW genotyped individuals have a significantly higher RVTV value (0.31) than TW genotype individuals (0.27). For the Z.611 locus, susceptible females have higher RVTV values in the TW genotype compared to CW females if the threshold of significance is evaluated at P = 0.07. The variation seen Table 3 . Data collected from single nucleotide polymorphisms from 98 resistant and 115 susceptible female individuals on chromosomes 2 and Z. Included are SNP identification names, location, individual counts, percent incidence of ascites susceptible birds, observed genotypic frequencies, and corresponding P-values calculated for chi-squared tests. Additionally, RVTV averaged ratios for resistant and susceptible individuals are included. Information for males and females presented separately. 43 * R indicates birds that were phenotyped as ascites resistant following a high-altitude challenged hypobaric chamber trial; S indicates birds that were phenotyped as ascites susceptible following a high-altitude challenged hypobaric chamber trial.
a,b Means within the same column and with no common superscript differ significantly (P < 0.05).
in the susceptible female RVTV values on Z.611 is inversely related to the ascites incidence among the genotypic populations. No significant differences were detected in chi-square analyses of observed vs. expected counts for any genotype from males and females of all 5 SNP.
DISCUSSION
Multiple GWAS have been conducted, spanning 2 generations in a randomly mated control broiler line (REL), to detect loci that showed association with ascites phenotype in both generations to identify loci that are robust and consistent in association with ascites. Evaluation of ascites resistant and susceptible individuals occurred on 29 chromosomes using a 60 K SNP chip. Evaluation of P-values at each SNP locus as an averaged sliding window reduced the overall significance seen in SNP associations. For this reason, genotyping on candidate regions to evaluated associations with ascites outcome was completed at 5 loci. It is important to note that the regions previously identified on chromosome 9 in REL line broilers were not significant in these analyses focused on association in male individuals (Krishnamoorthy et al., 2014) . The prior GWAS used an F 2 cross of the resistant and susceptible lines, which were divergently selected from the predecessor of the REL line. This suggests that epistasis can play a major role in ascites genetics since the F 2 cross GWAS identified regions different from a GWAS in the REL line. Genome-wide association studies provide powerful insight into the genetic basis for complex diseases; however, this genotyping technology is subject to Type 1 and Type 2 errors, depending on correction techniques used (Johnson et al., 2010) . Through use of a sliding window, GWAS P-values are corrected to account for data sets with high levels of linkage disequilibrium in a method less labor intensive than permutation corrections (Gao, 2011) . Ultimately, GWAS information from multiple generations provides a better understanding of the chromosomal regions that are influencing disease occurrence, rather than focusing on generation-specific loci whose associations are merely artifacts of chance in a relaxed-selected line.
Utilizing the sliding window analysis method, 2 GWAS conducted on 2 generations of the relaxed selection REL line indicated regions on an autosomal chromosome (2) and a sex chromosome (Z) associated with ascites phenotype or cardiac hypertrophy. Although these regions were initially identified as indicators for ascites, their influence on RVTV values, as an indicator of heart health, is equally informative. The region of significance on chromosome 2 in male and female broilers indicates that a variation exists in the RVTV ratio among genotypes of candidate SNP. When the oxygen demand of the body increases in a fast growing broiler the right ventricle experiences an increase in workload as the cardiac output being transferred to the lungs for future oxygenation increases (Peacock et al., 1989) . This results in morphologic changes to the right ventricle that leads to ventricle hypertrophy (Burton et al., 1968) . Right ventricle hypertrophy serves as a precursor for the development of ascites (Julian et al., 1986) . Single nucleotide polymorphisms whose RVTV values are positively correlated to ascites incidence in susceptible individuals may play a larger role in a bird's ascites phenotype, relative to SNP that do not show such a trend. Right ventricle to total ventricle values calculated for females genotyped at SNP 2.708 are not directly correlated to ascites susceptibility. Rather, these loci, and their associated RVTV ratios, may be artifacts of linkage disequilibrium.
The region of significance identified on chromosome 2 contains 2 candidate genes, MC4R and CDH6. MC4R encodes the melanocortin-4 receptor that acts as a key regulator in appetite and body size (Huszar et al., 1997) . Mouse knockouts for MC4R have elevated food intake and maturity-onset obesity (Huszar et al., 1997; Chen et al., 2000) . Additionally, despite being associated with obesity, MC4R deficient mice have lower mean arterial pressure and are not hypertensive (Tallam et al., 2005; Tallam et al., 2006) . Further, chronic hypothalamic stimulation of MC4R in rats increased arterial pressure regardless of food intake and weight gain (Kuo et al., 2003) . Therefore, MC4R could play an integral role in regulation of arterial pressures associated with ascites in broilers. CDH6 encodes cadherin 6, critical for the development of the renal vesicle and proximal tubule through promotion of mesenchymal to epithelial transition during embryogenesis (Cho et al., 1998) . CDH6 is also found as a surface receptor protein on platelets (Elrod et al., 2003) and can function in regulating platelet aggregation (Edwards et al., 2007) . Inhibition of CDH6 results in a reduction in thrombus formation (Dunne et al., 2012) . Therefore, dysregulation of CDH6 could contribute to abnormalities in clotting or vascular lesions observed in the lungs during ascites progression in broilers (Wideman et al., 2011) . Extremes in ascites incidence evaluated from female resistant and susceptible frequencies on SNP 2.713 may provide insight into genotypic-based incidence in females.
Within the Z chromosome region that we identified in the GWAS is the gene for myocyte enhancer factor 2C (MEF2c), a member of the family of MADSbox transcription factors involved in myogenesis and morphogenesis of skeletal, smooth, and cardiac muscle cells (Black and Olson, 1998) . MEF2c is the earliest of the MEF2 family to be expressed in the chick, which occurs at the beginning of cardiac and skeletal muscle differentiation during embryogenesis (Edmondson et al., 1994) . Embryonic inactivation of MEF2c in mice inhibits formation of the right ventricle and leads to embryonic lethality (Lin et al., 1997) . MEF2C is a key regulator for reprogramming fibroblasts to the myocyte lineage (Song et al., 2012) and is known to up-regulate other genes known for cardiocyte formation, GATA4 and NKX2.5 (Dodou et al., 2004; Skerjanc et al., 1998) . While significance did not reach the P-value standard set in this study, resistant and susceptible males in this region identified in both GWAS indicate this location may be critical to the development of ascites. Preliminary data suggests that SNP Z.611 homozygous T male individuals phenotyped as ascites susceptible approach statistical significance for higher RVTV ratios compared to other genotypes (P = 0.07), while also retaining a higher ascites incidence. Overall, the variation in genotypic frequency, coupled with the variable incidence of ascites, exhibited by the SNP 2.713 AA and AG genotyped females, and TT susceptible males exhibiting high RVTV values and high ascites incidence on SNP 2.708, indicate these regions may be useful for further investigation into ascites incidence.
Previously, Krishnamoorthy et al. (2014) used a genome wide association analysis to identify weakly associated regions on chromosome 9 from an F2 generation from a cross of an ascites-selected resistant line and an ascites-selected susceptible line cross. Importantly, a female sex effect was detected in Krishnamoorthy et al. (2014) . The same region evaluated in Krishnamoorthy et al. (2014) showed nothing of interest in the multi-generational GWAS completed in this study. Rabie et al. (2005) cited many chromosomal regions as responsible for ascites incidence including chromosomes 2, 5, 8, 10, 27, and 28. Notably, chromosome 9 was not implicated as a causal source. Rabie et al. (2005) did find an association with RVTV ratio and a region on chromosome 2, but this region was located at position 105.8-126.9 Mb, compared to the region at 70 Mb and 71 Mb detected through this study. Combined with data analyzed by Krishnamoorthy et al. (2014) and Rabie et al. (2005) , the current study has introduced additional information as to potential regions associated with ascites phenotype, and has evaluated the usefulness in utilizing an RVTV parameter in evaluation of ascites outcome for future studies.
Ascites is the manifestation of multiple symptoms (Olkowski et al., 1999) , and thus, is a complex disease whose occurrence is subject to many genetic factors. In order to aid commercial selection programs in the reduction of ascites, and increase overall heart health, information from studies such as the one presented here will elucidate genetic causes to adverse attributes evaluated in fast-growing broilers.
